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Preface 


The  decision  on  whether  to  maintain  or  replace  an  aging  system  is  a 
common  one.  Anyone  who  owns  an  automobile,  for  instance,  even¬ 
tually  grapples  with  this  issue.  At  some  point,  it  seems  wrong  to 
“throw  good  money  after  bad”  and  continue  to  repair  an  aging  sys¬ 
tem.  But  replacement  systems  typically  entail  considerable  up-front 
investment. 

This  monograph  continues  a  sequence  of  RAND  Project  AIR 
FORCE  reports  bearing  on  aging  aircraft  and  the  replacement-repair 
decision,  of  which  Greenfield  and  Persselin  (2002),  Pyles  (2003),  and 
Keating  and  Dixon  (2003)  are  recent  examples.  In  this  study,  we  pre¬ 
sent  a  model  of  the  repair-replacement  decision  and  data  describing 
the  C-5A  cargo  aircraft.  We  show  how  our  methodology  can  be  used 
to  assess  the  desirability  of  a  proposed  large  C-5A  aircraft  modifica¬ 
tion.  We  also  present  a  new  methodology  to  explore  the  benefits  of 
increases  in  depot-level  capacity. 

This  study  was  conducted  for  a  project  entitled  “Understanding 
and  Addressing  the  Effects  of  Aging  Aircraft,”  sponsored  by  AF/ILM 
and  AF/XPX  and  conducted  within  the  Resource  Management  Pro¬ 
gram  of  RAND  Project  AIR  FORCE. 

This  research  is  intended  to  be  of  interest  to  U.S.  Air  Force  and 
other  Department  of  Defense  acquisition  and  logistics  personnel. 

RAND  Project  AIR  FORCE 

RAND  Project  AIR  FORCE  (PAF),  a  division  of  the  RAND 
Corporation,  is  the  U.S.  Air  Force's  federally  funded  research  and 
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development  center  for  studies  and  analyses.  PAF  provides  the  Air 
Force  with  independent  analyses  of  policy  alternatives  affecting  the 
development,  employment,  combat  readiness,  and  support  of  current 
and  future  aerospace  forces.  Research  is  conducted  in  four  programs: 
Aerospace  Force  Development;  Manpower,  Personnel,  and  Training; 
Resource  Management;  and  Strategy  and  Doctrine. 

Additional  information  about  PAF  is  available  on  our  web  site  at 
http://www.rand.org/paf. 
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Summary 


In  Keating  and  Dixon  (2003),  we  presented  a  model  for  determining 
when  it  would  be  optimal  to  retire,  rather  than  continue  to  repair,  an 
aging  system.  This  work  extends  Keating  and  Dixon  along  two  di¬ 
mensions. 

First,  we  extend  our  methodology  to  examine  whether  a  pro¬ 
posed  modification  (mod)  is  worthwhile  relative  to  retiring  an  air¬ 
craft. 

Second,  we  develop  a  new  methodology  to  explore  the  desir¬ 
ability  of  additional  investment  in  depot-level  capacity. 


Modeling  the  Decision  to  Repair  or  Replace  an  Aging 
Aircraft 

In  our  model,  we  consider  the  discounted  expenditure  and  availability 
flows  emanating  from  repairing  versus  replacing  an  aging  system. 

If  one  assumes  the  Air  Force’s  goal  is  to  minimize  its  average 
cost  per  available  year  (or  day),  the  Air  Force  should  keep  an  incum¬ 
bent  aircraft  until  its  incremental  cost  per  available  year  exceeds  the 
average  cost  per  available  year  of  a  replacement  system.  (See  pp.  5-6.) 

This  approach  should  be  used  prospectively.  For  example,  one 
estimates  ahead  of  time  when  it  is  thought  the  optimum  will  be 
achieved  and  has  a  replacement  system  prepared  to  enter  service  at 
that  time. 
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The  C-5A  Modification  Versus  Replacement  Decision 

We  show  how  our  repair-replace  methodology  can  be  used  to  assess 
the  desirability  of  modifying  versus  retiring  an  aging  aircraft.  We  use 
data  on  the  C-5A  to  illustrate  our  methodology. 

The  C-5  is  the  Air  Force’s  largest  cargo-carrying  aircraft.  There 
are  currently  72  C-5As;  the  fleet’s  average  age  is  somewhat  over  30 
years.  The  Air  Force  plans  to  retire  12  C-5As  by  the  end  of  fiscal  year 
(FY)  2006,  leaving  a  fleet  of  60  C-5As. 

The  C-5A  fleet  is  scheduled  to  receive  a  major  mod  or  Reliabil¬ 
ity  Enhancement  and  Re-engining  Program  (RERP)  sometime  in  the 
2010  decade,  requiring  work  on  each  aircraft’s  airframe,  avionics,  en¬ 
gines,  landing  gear,  and  other  equipment.  Tirpak  (2004)  cites  the 
RERP’s  cost  as  $75  million  per  aircraft,  so  the  Air  Force  needs  to 
carefully  consider  the  C-5A’s  future  before  making  this  commitment. 
If,  instead,  the  C-5A  fleet  is  retired  in  front  of  the  mod,  the  Air  Force 
could  purchase  additional  C-17s  or  develop  an  alternative  aircraft.  In 
this  study,  we  focus  on  the  C-17  as  a  replacement  for  the  C-5A  be¬ 
cause  of  the  availability  of  data  on  the  costs  of  C-17s. 

To  demonstrate  our  model,  we  used  Air  Force  Total  Ownership 
Cost  (AFTOC)  factors  for  the  C-5  and  the  C-17.  We  note  with  con¬ 
cern,  however,  that  AFTOC  factors  do  not  appropriately  differentiate 
between  C-5As  and  C-5Bs  for  our  analytic  purposes. 

Pyles  (2003)  presents  Air  Force  data  that  show  considerable 
growth  in  the  C-5A’s  programmed  depot  maintenance  (PDM)  pack¬ 
age.  On  the  other  hand,  the  C-5A  has  not  seen  adverse  trends  in  its 
on-  and  off-equipment  maintenance  costs.  The  C-5A  has  experienced 
only  a  minor  decline  in  the  fraction  of  the  fleet  that  is  possessed  by 
operating  commands  and  is  mission  capable  (which  we  label  the 
composite  availability  rate). 

With  our  baseline  assumptions,  our  model  indicates  that  it  is 
not  optimal  to  undertake  the  proposed  C-5  A  mod  in  2015.  Fiowever, 
the  mod  appears  to  be  worthwhile  if  it  can  occur  earlier,  perhaps  in 
2010.  As  the  mod  is  delayed,  C-5  A  performance  degrades  and  costs 
increase  to  the  point,  eventually,  that  it  is  not  worthwhile  to  under¬ 
take  the  mod.  (See  pp.  8-21.) 
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We  then  undertook  a  robustness  exploration  to  see  which  other 
parameters  were  critical  in  undergirding  our  findings.  Along  with 
date  of  the  RERP,  another  key  parameter  is  the  number  of  C-17s  it 
would  take  to  acceptably  replace  60  C-5As.  As  the  number  of  re¬ 
quired  C-17s  increases,  the  desirability  of  the  C-5A  RERP  increases. 
If  70  or  more  C-17s  are  required,  the  2015  C-5A  RERP  is  worth¬ 
while,  given  our  other  parameters.  (See  pp.  21-22.) 

The  Air  Force  is  currently  implementing  the  RERP  on  two  C- 
5Bs  and  a  C-5A.  The  virtue  of  undertaking  the  RERP  on  a  few  air¬ 
craft  is  that  it  will  shed  light  on  the  magnitude  of  the  availability 
gains  from  the  project.  On  the  other  hand,  our  model  indicates  that 
delay  in  the  C-5A  RERP  tends  to  diminish  its  desirability. 

We  view  our  C-5A  findings  as  illustrative  and  suggestive,  rather 
than  definitive,  particularly  in  light  of  concerns  with  our  C-5A  cost 
parameters. 


Consideration  of  C-5A  Depot-Level  Capacity 

We  extend  our  methodology  to  assess  the  desirability  of  additional 
investment  in  depot-level  capacity  (including  additional  facilities,  re¬ 
pair  equipment,  labor,  and  spare  parts).  We  do  not  assess  the  optimal 
form  of  such  investment. 

We  know  the  Air  Force  values  having  aircraft  available  to  its  op¬ 
erating  commands.  Our  repair-replace  calculation  assumes  the  Air 
Force  would  be  willing  to  someday  pay  the  likely  high  costs  of  a  re¬ 
placement  system.  Given  a  belief  (or  inferred  preference)  about  how 
much  an  available  aircraft  year  is  worth,  we  can  calibrate  the  desir¬ 
ability  of  increases  in  depot-level  capacity  that  place  aircraft  in  opera¬ 
tors’  hands  faster. 

Queuing  is  a  source  of  considerable  delay  in  depot-level  mainte¬ 
nance.  Fience,  we  developed  a  model  of  the  programmed  depot- 
maintenance  process  as  a  multinode  or  multistep  closed  network. 

Using  our  depot-level  queuing  model,  we  consider  the  effect  of 
increasing  capacity  (e.g.,  purchasing  more  repair  equipment,  spare 
parts,  or  hiring  more  workers).  When  capacity  increases,  the  rate  at 
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which  operating  commands  possess  aircraft  increases  as  aircraft  spend 
less  time  in  depot-level  queues. 

Intriguingly,  our  model,  using  illustrative  C-5A  data,  suggests 
that,  while  an  increase  in  depot-level  capacity  is  desirable,  it  does  not 
delay  the  optimal  retirement  of  the  aircraft.  Instead,  the  effect  is  to 
increase  the  operating  command’s  possession  rate  while  the  aircraft  is 
used.  (See  pp.  40-42.) 

We  think  our  findings  are  explained  by  the  inferred  preference 
exercise  upon  which  this  analysis  is  built:  We  assume  the  Air  Force 
will  eventually  replace  the  C-5A  with  the  C-17,  a  nontrivially  expen¬ 
sive  aircraft.  Hence,  we  infer  that  the  Air  Force  places  high  valuation 
on  an  available  C-17,  and  hence  C-5A,  year.  Given  this  inferred  pref¬ 
erence,  the  model  is  then  averse  to  having  large-scale  queuing  and 
delay  in  the  C-5A  depot  maintenance  system.  Given  the  inferred 
value  of  these  aircraft,  it  is  not  reasonable  to  have  them  wait  in  many 
or  long  depot-level  queues. 
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Abbreviations 


AFTOC  Air  Force  Total  Ownership  Cost 
FY  Fiscal  Year 
MC  Mission  Capable 
OMB  Office  of  Management  and  Budget 
PDM  Programmed  Depot  Maintenance 
REMIS  Reliability  and  Maintainability  Information  System 
RERP  Reliability  Enhancement  and  Re-engining  Program 
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Glossary 


Composite  availability — The  product  of  an  aircraft’s  mission- 
capable  rate  and  the  fraction  of  the  fleet  currently  held  by  operating 
commands,  i.e.,  not  in  the  depot  system.  The  composite  availability 
rate  is  the  fraction  of  the  total  fleet  held  by  operating  commands  and 
mission  capable.  We  label  time  t’s  composite  availability  rate 
Availability t .  Composite  availability  can  be  computed  at  a  point  in 
time  or  over  a  period  of  time,  such  as  a  month  or  a  year. 

Contractor  logistical  support — A  contractor  (Boeing  in  the  case 
of  the  C-17)  provides  much  of  the  depot-level  (and  possibly  other 
types  of)  maintenance  on  an  aircraft  as  opposed  to  having  govern¬ 
ment-owned  depots  (e.g.,  Tinker  Air  Force  Base,  Robins  Air  Force 
Base,  Hill  Air  Force  Base)  provide  such  maintenance. 

Cost  per  available  year — The  appropriately  discounted  life-cycle 
total  cost  of  a  system  divided  by  the  appropriately  discounted  sum  of 
expected  fractions  of  years  an  aircraft  will  be  mission  capable  and  pos¬ 
sessed  by  operating  commands.  Cost  per  available  year  can  also  be 
termed  annualized  cost. 

Example:  Suppose  an  aircraft  has  expected  total,  inflation- 
adjusted  costs  (Expend t)  of  $10  million  this  year,  $11  million  next 
year,  and  $8  million  two  years  from  now.  Suppose,  too,  that  we  ex¬ 
pect  an  80  percent  composite  availability  rate  this  year,  75  percent 
next  year,  and  50  percent  two  years  from  now.  With  a  3.5  percent 
real  discount  rate,  the  system’s  cost  per  available  year  would  be 
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10,000,000  + 


0.8  + 


11,000,000  8,000,000 

!-035  1.Q352 

0.75  0.5 

1-035  1.0352 


14,108,769. 


Cost  per  flying  hour — Total  yearly  costs  divided  by  total  yearly 
flying  hours. 

Depot-level  capacity — The  capacity  to  perform  required  repairs 
on  aircraft  in  the  depot  system.  More  capacity  implies  aircraft  should 
spend  less  time  (or  get  more  done  while)  in  the  depot  system.  We  use 
this  term  as  a  general  rubric.  It  includes,  but  is  not  limited  to,  facili¬ 
ties,  equipment,  labor,  and  spare  parts  used  in  performing  depot-level 
activities. 

Discount  rate — The  rate  at  which  future  costs  and  benefits  are 
discounted  relative  to  today.  A  positive  discount  rate  reflects  a  prefer¬ 
ence  for  having  cash  or  getting  a  benefit  today  relative  to  next  year. 
For  calendar  year  2004,  the  Office  of  Management  and  Budget  pre¬ 
scribes  use  of  a  3.5  percent  real  (already  adjusted  for  expected  infla¬ 
tion)  discount  rate. 

Mission-capable  rate — The  percentage  of  a  fleet  thought  to  be 
able  to  safely  perform  its  missions.  An  aircraft  can  be  mission  capable 
without  being  fully  mission  capable.  For  instance,  an  aircraft  may  be 
capable  of  performing  a  daytime  mission  even  with  broken  night- 
vision  equipment. 

Mod — A  large-scale  modification  of  an  existing  aircraft,  usually 
to  enhance  capability,  improve  maintainability,  or  address  safety  con¬ 
cerns.  The  proposed  mod  on  the  C-5  is  called  the  Reliability  En¬ 
hancement  and  Re-engining  Program  (RERP). 

Off-equipment  maintenance — Maintenance  performed  at  an 
operating  base’s  backshop.  A  broken  part  is  removed  from  an  aircraft 
and  brought  to  an  on-base  facility  where  it  is  repaired  and  then  re¬ 
turned  either  to  the  aircraft  or  to  inventory. 

On-equipment  maintenance — Maintenance  performed  directly 
on  the  aircraft  at  an  operating  base.  On-equipment  and  off- 
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equipment  maintenance  combine  to  form  organizational  mainte¬ 
nance. 

Possession  rate — The  fraction  of  the  time  an  aircraft  is  held  by 
an  operating  command  (e.g.,  Air  Mobility  Command)  rather  than 
being  in  the  depot  system. 

Programmed  depot  maintenance  (PDM) — A  major  aircraft 
overhaul  performed  at  either  a  government-owned  (organic)  or  pri¬ 
vate-sector  depot  facility.  Programmed  depot  maintenance  occurs  on 
a  schedule,  such  as  five  years  after  the  last  PDM  visit  for  the  C-5A. 
PDM  can  also  be  termed  aircraft  overhaul  or  heavy  maintenance.  In 
addition,  aircraft  may  need  unscheduled  depot  maintenance  (e.g.,  a 
bird  strike  damages  an  aircraft  and  sophisticated  depot-level  mainte¬ 
nance  is  required). 

Queuing — When  aircraft  have  to  wait  while  in  the  depot  sys¬ 
tem.  Queues  may  result  from  not  having  enough  facilities,  equip¬ 
ment,  skilled  labor,  and/or  required  spare  parts.  Of  course,  it  is 
probably  not  cost  effective  to  have  so  much  depot-level  capacity  that 
no  queues  ever  occur. 

Rq — The  minimum  hands-on  flow  time  required  to  perform 
programmed  depot  maintenance.  It  is  equivalent  to  the  time  required 
to  complete  PDM  if  the  aircraft  did  not  have  to  wait  in  queues. 


CHAPTER  ONE 


Introduction 


In  earlier  work  (Keating  and  Dixon,  2003),  we  introduced  an  ap¬ 
proach  for  determining  when  it  is  optimal  to  replace  an  aging  system. 
Under  our  procedure,  one  keeps  an  existing  system  until  that  system’s 
incremental  costs  exceed  the  average  cost  of  a  replacement  system.  In 
Keating  and  Dixon  (2003),  we  applied  our  computational  approach 
to  the  C-21A  transport  aircraft  and  the  KC-135  tanker  aircraft.  Based 
on  available  data  and  our  assumptions,  the  model  indicated  that  it 
would  be  optimal  to  operate  the  C-21A  until  sometime  around  2020, 
while  it  would  be  optimal  to  replace  the  KC-135  fleet  sometime  late 
in  this  decade. 

In  this  report,  we  extend  our  analysis  approach  along  two  di¬ 
mensions.  We  discuss  how  our  modeling  approach  can  be  used  to 
evaluate  potential  modifications  (mods)  versus  the  alternative  of  re¬ 
tiring  an  aircraft.  As  we  will  show,  our  modeling  approach  accommo¬ 
dates  large  expenditure  spikes  and  provides  insight  as  to  whether  a 
mod  should  be  undertaken  or  whether  an  aircraft  should  be  retired 
before  the  mod  occurs. 

We  then  apply  the  model  to  the  C-5A  cargo  aircraft,  because  the 
fleet  is  scheduled  to  receive  an  expensive  mod  in  the  next  decade  or 
so.  We  assess  the  desirability  of  the  proposed  C-5A  mod  and  then 
extend  our  modeling  tool  in  a  different  direction.  Specifically,  we  ex¬ 
periment  with  making  depot-level  capacity  a  choice  variable.  Addi¬ 
tional  capacity  could  take  the  form  of  new  physical  equipment  or  fa¬ 
cilities,  but  it  also  could  be  extra  labor  or  spare  parts.  The  virtue  of 
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additional  depot-level  capacity  is  that  it  allows  aircraft  to  spend  less 
time  in  the  depot  system  and  hence  more  time  possessed  by  the  oper¬ 
ating  commands. 

We  rely  on  an  inferred  preference  calculation.  We  assert  that  the 
Air  Force  is  willing  to  someday  invest  in  a  replacement  system,  so 
that  replacement  system’s  cost  per  available  year  can  form  a  lower 
bound  for  how  much  the  Air  Force  values  the  availability  of  an  exist¬ 
ing  system. 

Given  our  parameter  estimates  and  the  assumptions  underlying 
our  new  methodology,  we  estimate  that  there  could  be  considerable 
value  in  increased  C-5A  depot-level  capacity.  It  is  not  desirable  to 
have  a  highly  valued  system  waiting  in  many  or  lengthy  depot-level 
queues.  Fiowever,  we  have  not  investigated  the  best  way  to  obtain 
extra  capacity,  such  as  more  or  better  labor,  additional  spare  parts, 
more  repair  equipment  or  facilities. 

In  Chapter  Two,  we  sketch  our  basic  model,  reprising  material 
from  Keating  and  Dixon  (2003).  In  Chapter  Three,  we  apply  the 
model  to  the  C-5A,  examining  the  desirability  of  that  aircraft’s 
planned  upcoming  mod.  In  Chapter  Four,  we  again  use  C-5A  data, 
but  in  a  more  exploratory  vein,  to  illustrate  how  increased  depot-level 
capacity  might  be  evaluated.  Chapter  Five  gives  our  conclusions. 


CHAPTER  TWO 

Modeling  the  Decision  to  Repair  or  Replace  an 
Aging  Aircraft 


Consider  a  type  of  aircraft  (e.g.,  a  cargo  aircraft)  that  the  Air  Force 
envisions  having  in  its  inventory  (in  one  form  or  another)  into  the 
foreseeable  future.  This  string  of  future  aircraft  would  have  a  string  of 
discounted  future  expenses 


=  X 


Expend  ^ 


t~  i  (1  +  Discount ) 


t- 1 


where  the  first  replacement  aircraft  (we  use  R  to  denote  the  replace¬ 
ment,  rather  than  incumbent,  aircraft)  flew  in  Year  1  and  Discount  is 
the  Office  of  Management  and  Budget’s  prescribed  real  interest  rate, 
e.g.,  3.5  percent  in  calendar  year  2004. 

These  future  aircraft  would  provide  a  string  of  available  days  (or 
fractions  of  years).  The  Office  of  Management  and  Budget’s  Circular 
A-94  prescribes  that  “all  future  benefits  and  costs,  including  non- 
monetized  benefits  and  costs,  should  be  discounted.”  Hence,  sym¬ 
metric  to  x,  we  can  define  a  future  availability  sum 


t= 1 


Availability  gt 
(1  +  Discount Y  1 
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Consider,  then,  an  existing  incumbent  aircraft,  I.  Without  loss 
of  generality,  we  will  focus  on  the  question  of  whether  the  Air  Force 
should  fly  the  incumbent  aircraft  one  more  year  and  then  replace  it  or 
replace  it  right  now.  (There  is  no  loss  of  generality  in  this  simplifica¬ 
tion.  If,  for  instance,  it  is  actually  optimal  to  operate  the  incumbent 
aircraft  for  six  more  years,  it  will  certainly  be  optimal  to  operate  it  for 
one  more  year.) 

If  the  incumbent  aircraft  is  kept  only  one  more  year,  the 
Air  Force  spends  Expend ^  to  sustain  and  operate  the  aircraft 
and  receives  fraction  Availability ^  years  of  availability  (or 
365  *  Availability n  days).  Expend / j  would  include,  for  instance,  the 
maintenance,  fuel,  and  labor  costs  associated  with  flying  the  incum¬ 
bent  aircraft  another  year.  Then,  starting  next  year,  the  replacement’s 
strings  of  expenses  and  availability  start.  The  replacement’s  expenses 
would  include  production,  testing,  and  research  and  development 
costs  not  yet  borne,  as  well  as  the  operating  costs  of  the  new  aircraft. 
Therefore,  the  discounted  infinite  sum  of  expenditures  associated 
with  keeping  the  incumbent  one  more  year  would  be 

Expend j  j  H - 7 - , 

1  +  Discount 

while  the  sum  of  availability  would  be 


Availability  ^  + 


y 


1  +  Discount 


(The  Air  Force  still  pays  v  to  get  y  years  of  availability  from  the  re¬ 
placements,  but  it  has  been  pushed  back  by  one  year  and  hence  is  dis¬ 
counted.) 

Suppose  the  Air  Force’s  sole  goal  is  to  minimize  its  expenditures. 
Then  it  would  operate  the  existing  aircraft  another  year  if  and  only  if 


Expend  yj  + 


v 

1  +  Discount 


x  *  Discount 

<x  or  Expend ^  < - 7 - . 

1  +  Discount 
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However,  we  do  not  think  the  Air  Force’s  sole  goal  is  expendi¬ 
ture  minimization  because  this  goal  would  not  consider  the  availabil¬ 
ity  of  its  aircraft.  Instead,  the  Air  Force’s  goal  may  be  to  minimize  its 
average  cost  per  available  year  (or  day).  With  this  metric,  retaining 
the  incumbent  aircraft  for  one  more  year  results  in  an  average  cost  per 
available  year  of 


Expend ^  H - ; - 

_ 1  +  Discount 


Availability H - ; - 

1  +  Discount 

Therefore,  the  Air  Force  should  repair,  rather  than  replace,  an 
aging  system  for  one  more  year  if  and  only  if 

X 

Expend  n  H - r  .  / 

_  11  1  +  Discount  <  x  of  Expend jy  <  x_ 

y  y  Availability  n  y 

Availability  - ; -  J  j  iv  j 

1  +  Discount 

If  one  wished  to  apply  this  optimality  condition,  we  would  not 
recommend  waiting  until  the  optimal  retirement  year  to  take  action 
because  there  are  lags  associated  with  acquiring  a  replacement  system. 
Instead,  this  approach  should  be  used  prospectively  (e.g.,  estimating 
ahead  of  time  when  it  is  thought  the  optimum  will  be  achieved  and 
having  a  replacement  system  prepared  to  enter  service  at  that  time). 

This  modeling  approach  can  accommodate  a  number  of  real- 
world  phenomena.  For  example,  the  desirability  of  a  mod  that  in¬ 
volves  a  one-time  expenditure  spike  can  be  assessed  by  comparing 
costs  per  available  year  immediately  preceding  the  mod  with  those 
associated  with  the  optimal  retirement  year  conditional  on  the  mod 
occurring. 

Let  B  equal  the  number  of  years  before  the  mod  is  required  and 
M  be  the  optimal  retirement  date  conditional  on  the  mod  occur- 
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ring.  Then  the  cost  per  available  year  if  the  mod  does  not  occur  and 
the  aircraft  is  retired  in  B  years  is 


AC 


X  Expend  ^  x 

t j  b 

_  £=1  (1  +  Discount)  (1  +  Discount) 


NM  ~  b 

X  Availability  jt  y 

^ j  b 

t=\  (1  +  Discount)  (1  +  Discount) 


while  the  cost  per  available  year  if  the  mod  does  occur  is 


M 


Expend  jt 


Ar,  _  t-\  0  Discount)  (1  +  Discount)^ 
Availability yt  + 


-  +  ■ 


y 


t= 1  (1  +  Discount)  (1  +  Discotmt) 


M 


Of  course,  AC ^  incorporates  both  the  up-front  costs  and 
availability  benefits  associated  with  the  mod  program.  The  mod 
should  be  undertaken  if  and  only  if  AC ^  <  AC .  We  present  an 
example  of  a  mod  desirability  calculation  in  Chapter  Three. 

In  Chapter  Four,  we  further  enhance  the  model  by  making  the 
amount  of  depot-level  capacity  a  choice  variable. 

In  Keating  and  Dixon  (2003),  we  applied  this  approach  to  the 
C-21A  transport  and  KC-135  tanker  aircraft.  Here,  we  illustrate  the 
model  and  its  enhancements  using  data  on  the  C-5A  cargo  aircraft. 
As  in  our  earlier  work,  we  use  C-5A  data  to  describe  how  our  meth¬ 
odology  works  rather  than  to  definitively  assert  what  the  Air  Force 
should  do  with  this  system. 


CHAPTER  THREE 

The  C-5A  Modification  Versus  Replacement 
Decision 


In  this  chapter,  we  show  how  our  repair-replace  methodology  can  be 
used  to  assess  the  desirability  of  modifying  versus  retiring  an  aging 
aircraft.  We  use  data  on  the  C-5A  to  illustrate  our  methodology. 


Background 

The  C-5A  and  its  descendant,  the  C-5B,  are  large  cargo-transport  air¬ 
craft.  Figure  3.1  shows  a  C-5. 

Lockheed-Georgia  was  awarded  the  original  C-5A  contract  in 
1965.  Not  long  into  production,  stress  problems  caused  significant 
cracks  in  the  wings.  At  the  same  time,  problems  with  the  main  land¬ 
ing  gear  were  discovered  in  testing.  There  was  considerable  acquisi¬ 
tion  cost  escalation.  See  Pike  (2001). 

According  to  the  Air  Force’s  Reliability  and  Maintainability  In¬ 
formation  System  (REMIS),  of  the  72  C-5As  currently  operating,  the 
Air  Force  accepted  its  oldest  C-5A  on  May  26,  1969,  and  its  newest 
C-5  A  on  November  4,  1975.  The  Air  Force  plans  to  retire  12  C-5As 
by  the  end  of  fiscal  year  (FY)  2006.  There  are  50  newer  C-5Bs. 

In  January  1998,  while  undergoing  periodic  depot  maintenance 
at  Kelly  Air  Force  Base,  Texas,  cracks  were  noticed  in  a  C-5A’s  tail 
section.  Further  inspection  revealed  other  C-5As  with  similar  cracks. 
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Figure  3.1 
The  C-5  Aircraft 


RAND  MG241  -3. 1 


Photo  from  http://www.af.mil/factsheets/factsheet.asp ?fslD=84. 

In  response  to  this  problem,  a  variety  of  modifications  have  been  un¬ 
dertaken  to  C-5A  tails.  See  Pike  (2001). 

The  C-5A  is  facing  a  planned  major  modification  (termed  the 
Reliability  Enhancement  and  Re-engining  Program,  or  RERP).  The 
RERP  will  give  each  aircraft  four  new  engines  and  pylons,  as  well  as  a 
new  engine-driven  generator  and  auxiliary  power  unit.  Additional 
improvements  are  to  be  made  to  the  landing  gear,  hydraulics,  flight 
controls,  and  environmental  control  system.  The  RERP  will  cost  an 
estimated  $75  million  per  aircraft.  See  Tirpak  (2004).  The  RERP  is 
scheduled  to  begin  with  the  C-5Bs  and  then  proceed  to  the  C-5As  in 
the  2012-2018  timeframe.  We  assume  the  median  C-5A  will  obtain 
its  RERP  in  2015  when  it  is  44  years  old. 

A  key  policy  question  for  the  Air  Force  is  whether  this  invest¬ 
ment  is  worth  undertaking  for  the  remaining  60  C-5As  or  whether, 
alternatively,  the  aircraft  should  be  retired  in  front  of  the  RERP.  (We 
have  not  analyzed  the  possibility  of  keeping  the  C-5A  fleet  without 
performing  this  mod.)  In  July  2004,  the  Air  Force’s  Fleet  Viability 
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Board  concluded  that  the  C-5A  fleet  has  at  least  25  years  of  service 
life  remaining.  See  Jablonski  (2004). 

Balaban  et  al.  (2000)  use  a  simulation  approach  to  assess  the 
consequences  of  C-5  upgrades.  Our  approach  is  methodologically 
very  different  from  theirs.  Balaban  et  al.  do  not  consider  the  costs  of 
proposed  upgrades,  instead  focusing  on  the  mission  capability  conse¬ 
quences. 

Nelson  et  al.  (2001)  study  remanufacturing  (i.e.,  life  extension, 
equipment  improvement,  and/or  mission  capability  upgrade)  to  an 
existing  system.  Our  procedure  to  analyze  modification  desirability 
could  apply  equally  well  to  an  assessment  of  prospective  remanufac¬ 
turing. 

To  implement  our  methodology,  we  need  estimates  of  the  fu¬ 
ture  trajectory  of  C-5A  expenditures  {Expend jt)  and  availability 
{Availability  ^ ).  We  also  need  life-cycle  estimates  of  the  costs  ( x  )  and 
availability  ( y )  of  a  replacement  system. 

We  assume,  for  illustrative  purposes,  that  the  C-5A  fleet  would 
be  replaced  by  C-17s. 

The  C-17  is  a  Boeing-built  aircraft  that  first  entered  service  in 
the  mid-1990s.  While  smaller  than  a  C-5,  the  C-17  is  more  flexible 
across  missions  and  the  airfields  it  can  use.  It  is  also  designed  to  be 
more  reliable  and  easier  to  maintain  than  a  C-5,  so  it  can  fly  more 
hours  per  day,  on  average.  See  United  States  Air  Force  (2004).  Figure 
3.2  shows  a  C-17. 

Table  3.1  uses  information  from  United  States  Air  Force  (2003) 
and  United  States  Air  Force  (2004)  to  compare  the  aircraft. 

We  do  not  know  how  many  C-17s  it  would  take  to  adequately 
replace  the  Air  Force’s  60  C-5As7  Simply  as  a  starting  point,  we  as¬ 
sume  one-to-one  C-17-for-C-5A  replacement.  Another  possibility  is 
that  a  different  cargo  aircraft  (the  “C-5X”)  could  be  developed,  but 
we  have  no  information  on  such  an  aircraft’s  cost  or  availability  char¬ 
acteristics  and  thus  could  not  use  such  a  new  aircraft  to  illustrate  our 


1  Gebman,  Batcheler,  and  Poehlmann  (1994)  present  a  detailed  analysis  of  how  well  C-17s 
may  substitute  for  the  C-5  and  other  cargo  aircraft  under  different  scenarios  and  assump¬ 
tions. 
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Figure  3.2 
The  C-17  Aircraft 


RAND  MG241  -3.2 


Photo  from  http://www.af. mil/factsheets/factsheet.asp?fslD=86. 


Table  3.1 

Comparing  the  C-5  and  the  C-17 


Comparison  Point 

C-5 

C-17 

First  deployed 

1969 

1993 

Crew 

7 

3 

Maximum  peacetime  takeoff  weight,  lb 

769,000 

585,000 

Height,  feet 

65 

55 

Length,  feet 

247 

174 

Wingspan,  feet 

223 

170 

Cargo  compartment,  cubic  feet 

36,872 

19,536 

methodology.  We  thus  focus  on  a  C-17  alternative  to  the  C-5A, 
while  not  endorsing  the  C-17  relative  to  other  possible  replacement 
approaches. 
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C-5A  and  C-17  Costs 

To  implement  our  model,  we  need  to  estimate  both  the  current  levels 
and  future  trajectories  of  C-5A  and  C-17  costs.  We  assume  a  new  C- 
17  has  an  acquisition  cost  of  $250  million.  United  States  Air  Force 
(2004)  cites  a  C-17  unit  cost  of  $236.7  million  in  FY98  dollars,  so  we 
feel  $250  million  is  a  reasonable  approximation  in  FY04  terms. 

As  was  our  approach  in  Keating  and  Dixon  (2003),  we  separate 
annual  aircraft  operating  costs  for  both  C-5As  and  C-17s  into  per¬ 
sonnel  and  contract  maintenance,  fuel,  reparables,  organizational 
maintenance,  aircraft  overhaul,  engine  overhaul,  and  modifications. 
As  shown  in  Table  3.2,  the  Air  Force  Total  Ownership  Cost 
(AFTOC)  system  provides  annual  per-aircraft  cost  factors  in  these 
categories  for  the  C-5A,  C-5B,  and  C-17  aircraft. 

The  surprise  in  Table  3.2  is  that  AFTOC’s  C-5B  cost  factors  are 
considerably  greater  than  the  C-5A  cost  factors,  even  though  the  C- 
5A  is  older. 

The  reason  for  the  AFTOC  C-5A/C-5B  cost  factor  difference  is 
that  a  number  of  costs  common  to  both  systems  are  allocated  in 


Table  3.2 

AFTOC  Annual  Per-Active-Aircraft  Cost  Factors  (FY04  $) 


Cost 

C-5A 

C-5B 

Weighted 
Average  C-5 

C-17 

Personnel  and  contract 
maintenance 

1,108,646 

2,060,301 

1,492,378 

7,375,834 

Fuel 

1,820,978 

3,110,810 

2,341,072 

3,520,102 

Reparables 

1,535,123 

3,760,531 

2,432,465 

196,889 

Organizational 

maintenance 

2,855,378 

7,469,128 

4,715,761 

4,826,410 

Aircraft  overhaul 

647,880 

1,639,990 

1,047,924 

29,979 

Engine  overhaul 

541,601 

1,347,720 

866,649 

34,153 

Mod  costs 

821,301 

700,092 

772,427 

1,372,528 

Total 

9,330,907 

20,088,574 

13,668.675 

17,355,895 
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AFTOC  by  flying  hours.  The  typical  C-5B  flies  more  hours  than  the 
typical  C-5A,  so  a  disproportionate  share  of  common  costs  are  allo¬ 
cated  to  the  C-5Bs.2  AFTOC  per-aircraft  cost  factors,  in  other  words, 
do  not  usefully  distinguish  between  C-5As  and  C-5Bs  for  our  analytic 
purposes. 

To  combat  this  problem,  we  used  a  weighted  average  C-5  cost 
factor,  as  shown  in  the  fourth  column  of  Table  3.2.  We  formed  this 
weighted  average  by  multiplying  the  C-5A  column  by  74  (the  num¬ 
ber  of  C-5  As  in  2002,  the  year  whose  data  AFTOC  used  to  derive 
these  factors)  and  the  C-5B  column  by  50  (the  FY02  and  current 
number  of  C-5Bs),  then  dividing  the  resultant  sum  of  products  by 
124. 

Table  3.2  also  displays  AFTOC’s  C-17  annual  per-aircraft  cost 
factors.  The  C-17  has  elevated  personnel  and  contract  maintenance 
costs  in  conjunction  with  reduced  reparables,  aircraft  overhaul,  and 
engine  overhaul  costs  compared  to  the  C-5.  The  C-17’s  different  cost 
mix  emanates  from  the  fact  that  the  C-17  is  maintained  through 
Contractor  Logistical  Support  from  Boeing,  the  aircraft’s  manufac¬ 
turer.  Fieretofore,  the  organic  Air  Force  has  provided  less  mainte¬ 
nance  to  the  aircraft  (and  Boeing  more)  than  is  true  for  the 

C-5. 

The  C-5  has  had  considerably  greater  costs  per  flying  hour  than 
the  C-17.  In  FY02,  for  instance,  AFTOC  reports  total  C-5  obliga¬ 
tions  of  about  $1.8  billion  and  total  C-17  obligations  of  about  $1.3 
billion.  REMIS,  meanwhile,  reports  FY02  C-5  fleet  flying  hours  of 
about  88,000  versus  about  104,000  C-17  fleet  flying  hours.  Fience, 
in  FY02,  the  average  obligation  per  C-5  flying  hour  was  about 
$20,300  versus  $12,600  for  the  C-17  (or  about  $20,900  versus 
$12,900  in  FY04  dollars). 

The  average  C-17,  however,  flew  about  1,180  hours  in  FY02 
versus  697  hours  per  C-5.  Fience,  the  C-17’s  obligations  per  aircraft 
were  about  $14.8  million  versus  $14.1  million  per  C-5  (or  $15.2 
million  versus  $14.5  million  in  FY04  dollars).  These  C-17/C-5  obli- 


2  We  appreciate  insights  from  Crash  Lively  of  Battelle  on  this  topic. 
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gations  per  aircraft  statistics  are  rough  analogs  to  Table  3.2’s  AFTOC 
total  cost  factors.3 


Cost  Factor  Growth  Rates 

Given  our  cost  factors,  our  model  next  requires  estimates  of  how  each 
factor  will  grow  in  the  future. 

We  assume  C-5A  personnel  and  contract  maintenance  will  not 
increase  in  real  terms.  Fiowever,  we  assume  C-17  personnel  and  con¬ 
tract  maintenance  costs  will  grow  at  2  percent  per  year  after  the  air¬ 
craft  is  20  years  old,  because  this  cost  category  for  the  C-17  covers 
much  of  the  aircraft  and  engine  overhaul  expenses  (through  Contrac¬ 
tor  Logistical  Support)  shown  to  be  prone  to  aging  effects.  See  Pyles 
(2003). 

We  reprise  assumptions  from  Keating  and  Dixon  (2003)  that 
fuel  costs  grow  0.6  percent  per  annum  as  aircraft  age  and  reparable 
costs  grow  at  3.5  percent  per  annum.  The  0.6  percent  fuel  cost 
growth  rate  assumption  originally  came  from  Stoll  and  Davis  (1993). 

Organizational  maintenance  is  maintenance  done  at  the  installa¬ 
tion  level.  Figure  3.3  shows  C-5A  installation-level  on-  and  off- 
equipment  maintenance  hours  per  possessed  (i.e.,  not  held  by  the  de¬ 
pot  system)  hour  since  the  beginning  of  FY00  according  to  REMIS. 
(If  an  aircraft  is  not  possessed,  i.e.,  it  is  held  by  the  depot  system,  it 
should  not  receive  installation-level  on-  and  off-equipment  mainte¬ 
nance.) 


3  Our  unit  of  analysis  is  the  aircraft,  not  the  flying  hour,  thus  we  use  the  annual  per-aircraft 
cost  factors  from  Table  3.2  in  our  analyses.  A  typical  C-17  flies  more  hours  than  a  typical  C- 
5,  but,  as  shown  in  Table  3.1,  a  C-17  is  a  smaller  aircraft  that  carries  smaller  loads.  In  this 
work,  we  are  agnostic  as  to  the  number  of  C- 17s  that  would  be  needed  to  replace  the  C-5A 
fleet,  beyond  starting  with  a  one-for-one  replacement  rate  baseline.  In  Figure  3.8,  later  in  this 
chapter,  we  show  how  the  optimal  timing  of  C-5A  replacement  varies  as  a  function  of  the 
number  of  C-17s  needed  to  replace  the  60  C-5As. 
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Figure  3.3 

C-5A  On-  and  Off-Equipment  Maintenance  Hours  Per  Possessed  Hour 


There  is  no  evidence  in  Figure  3.3  of  any  adverse  C-5A  aging  ef¬ 
fect  in  terms  of  on-  and  off-equipment  maintenance.  Indeed,  installa¬ 
tion-level  maintenance  hours  per  possessed  hour  have  fallen.  In  our 
model  application,  we  assume  C-5A  organizational  maintenance  costs 
will  be  static  in  real  terms  into  the  future.  We  make  the  same  assump¬ 
tion  for  the  C-17. 

Aircraft  overhaul,  meanwhile,  occurs  at  the  depot  level.  The  C- 
5A  has  had  considerable  problems  with  increasing  depot-level  main¬ 
tenance  hours  per  aircraft,  as  shown  in  Figure  3.4.  These  Air  Force 
data  are  described  in  Pyles  (2003).  The  C-5A’s  per-aircraft  pro¬ 
grammed  depot  maintenance  (PDM)  package  has  grown  at  a  9.6  per¬ 
cent  annual  rate,  in  maintenance  hours,  over  the  period  of  these  data. 
Therefore,  we  assume  C-5A  aircraft  overhaul  costs  will  grow  at  9.6 
percent  per  year  into  the  future. 
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Figure  3.4 

C-5A  PDM  Hours  Per  Aircraft 


There  is  considerable  uncertainty  about  the  future  trajectory  of 
PDM  hours  and,  consequently,  costs  for  the  C-5A  and  other  aircraft. 
Some  experts  feel  that  a  plateau  of  PDM  hours  will  soon  be  achieved. 
At  the  same  time,  we  have  not  seen  conclusive  evidence  of  such  pla¬ 
teaus.  It  is  also  unclear  whether  the  observed  rate  of  growth  in  main¬ 
tenance  hours  per  aircraft  is  a  reasonable  proxy  for  growth  in  aircraft 
overhaul  costs  per  aircraft  (which  include  nonlabor  factors  such  as 
materiel  used  in  PDM).  As  we  suggested  in  Keating  and  Dixon 
(2003),  it  is  important  to  undertake  robustness  analysis  to  assess,  for 
instance,  how  and  whether  results  change  based  on  one’s  beliefs  as  to 
the  future  evolution  of  PDM  costs.  (We  display  such  a  robustness 
exploration  for  the  aircraft  overhaul  cost  growth  rate  later  in  Figure 
3.10.) 


16  Aging  Aircraft  Repair-Replacement  Decisions 


We  reprise  Keating  and  Dixon  (2003)  and  assume  3.5  percent 
growth  in  engine  overhaul  costs.  We  assume  the  RERP  will  cut  both 
C-5A  annual  aircraft  and  engine  overhaul  costs  by  10  percent. 

We  also  reprise  Keating  and  Dixon  (2003)  in  assuming  2.1  per¬ 
cent  growth  in  modification  costs,  separate  from  the  $75  million  C- 
5A  RERP.  We  further  assume  a  C-17  will  get  a  comparable  RERP  in 
its  44th  year  of  operation  (if  it  is  operated  that  long). 

Table  3.3  reprises  Table  3.2’s  AFTOC  weighted  average  C-5 
and  C-17  parameters  and  shows  our  assumptions  about  their  future 
growth  rates.  In  general,  we  assume  that  the  C-17  will  manifest  aging 
effects  similar  to  those  seen  on  the  C-5A  but  that  many  of  these  ef¬ 
fects  will  not  start  for  1 5-20  years. 

Table  3.3 

Annual  Sustainment  Costs  and  Assumed  Growth  Rates  of  the  C-5A  and  C-17 
Fleets  (per  aircraft) 


Category 

C-5A 

Millions 

FY04$/Tail 

C-5A 

Assumed 

Growth 

Rate 

C-17 

Millions 

FY04$/Tail 

C-17 

Assumed 

Growth 

Rate 

Personnel  and  contract 
maintenance 

1.49 

0 

7.38 

0  for  first  20 
years,  2% 
thereafter 

Fuel 

2.34 

0.6% 

3.52 

0.6% 

Reparables 

2.43 

3.5% 

0.20 

3.5% 

Organizational  maintenance 

4.72 

0 

4.83 

0 

Aircraft  overhaul 

1.05 

9.6%; 
RERP  cuts 
cost  10% 

0.03 

0  for  first  15 
years,  9.6% 
thereafter 

Engine  overhaul 

0.87 

3.5%; 
RERP  cuts 
cost  10% 

0.03 

0  for  first  20 
years,  3.5% 
thereafter 

Modifications 

0.77  plus 
$75  RERP 
in  2015 

2.1% 

1.37  plus 
$75  RERP 
when  44 
years  old 
(if  optimal) 

0  for  first  15 
years,  2.1  % 
thereafter 

Total 

13.67 

17.36 
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Aircraft  Availability 

Our  model  also  needs  estimates  of  the  incumbent’s  and  replacement’s 
aircraft  availability  levels  ( Availability j  and  Availability ) . 

Figure  3.5  shows  the  C-5A’s  monthly  mission-capable  (MC) 
rate  since  January  1991  as  well  as  what  we  term  the  aircraft’s  com¬ 
posite  availability  rate.  These  data  are  from  REMIS.  We  define  the 
composite  rate  as  the  product  of  the  aircraft’s  MC  rate  and  its  pos¬ 
sessed  rate.  We  feel  the  composite  availability  rate  is  a  more  useful 
metric  than  the  MC  rate  because  the  composite  rate  reflects  the  rate 
at  which  field-level  commanders  can  actually  use  the  aircraft.  The 
composite  availability  rate  tallies  the  fraction  of  the  total  fleet  that  is 
both  possessed  by  the  operating  commands  and  mission  capable.  The 
MC  rate,  by  contrast,  is  defined  only  for  the  fraction  of  aircraft  that  is 

Figure  3.5 

C-5A  MC  and  Composite  Availability  Rates 


RAND  MG241-3.5 


C-5A  average  fleet  age  (years) 
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possessed  by  operating  commands;  aircraft  in  the  depot  system  are 
not  considered. 

Both  the  C-5A  composite  availability  and  MC  rates  have  fallen 
somewhat  as  the  aircraft  has  aged,  but  the  magnitude  of  the  decline 
has  not  been  enormous.  Over  the  period  of  these  data,  the  composite 
availability  rate  has  trended  downward  at  about  1 . 1  percent  per  year; 
the  mission-capable  rate  has  trended  downward  at  about  0.8  percent 
per  year.  As  shown  in  Figure  3.5,  there  has  been  considerable  month- 
to-month  variation  in  both  rates.  The  last  few  years  have  had  more 
favorable  composite  availability  rates  than  the  years  preceding  them. 

We  assume,  as  a  starting  point,  that  the  $75  million  mod  will 
increase  C-5A  composite  availability  50  percent,  from  the  low  40 
percent  range  to  around  60  percent. 

We  use  actual  1999-2002  data  on  C-17  composite  availability 
from  REMIS  to  estimate  the  first  four  years  of  a  new  C-17’s  compos¬ 
ite  availability,  and  then  project  it  to  decline  at  the  C-5A’s  1.1  per¬ 
cent  rate. 


Optimal  C-5A  Retirement  Calculation 

Bringing  together  our  various  parameters  and  assumptions,  Figure 
3.6  shows  our  baseline  C-5A  analysis.  The  broken  line  is  the  esti¬ 
mated  incremental  cost  per  available  year  of  the  C-5A;  the  horizontal 
line  is  the  C-17’s  estimated  average  cost  per  available  year  (about  $46 
million).  The  large  spike  at  age  44  represents  the  $75  million  C-5A 
mod  that  will  remove  an  aircraft  undergoing  the  mod  from  the  fleet 
for  six  months.  The  C-5A  incremental  cost  line  is  lower  after  the  mod 
than  before,  reflecting  the  projected  post-mod  increase  in  composite 
availability  and  reduction  in  costs. 

In  our  baseline  case,  our  model  indicates  that  it  is  not  worth¬ 
while  to  modify  the  C-5A  in  2015  at  age  44.  The  annualized  cost  per 
available  year  is  lower  if  the  Air  Force  retires  the  aircraft  at  age  43  in 
front  of  the  mod  (AC  =  $42.7  million)  rather  than  if  the  aircraft 
is  retired  at  age  53,  nine  years  after  the  RERP  ( AC ^  =$44.3  mil¬ 
lion).  See  Table  3.4. 
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Figure  3.6 

C-5A  Optimal  Replacement  Baseline  Case 
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Robustness  Explorations 

Figure  3.6  and  Table  3.4  are  by  no  means  the  end  of  the  story.  Our 
model  implementation  includes  a  number  of  important  assumptions 
that  have  the  potential  to  affect  the  analytic  results.  We  therefore  as¬ 
sess  which  parameters  were  particularly  influential  in  indicating 
whether  it  is  worthwhile  to  undertake  the  mod  program. 

One  key  parameter  is  the  timing  of  the  RERP.  In  our  baseline 
case,  we  assume  the  median  C-5A  gets  the  RERP  in  2015.  Elolding 
our  other  parameters  fixed,  Figure  3.7  shows  that  the  RERP  is 


20  Aging  Aircraft  Repair-Replacement  Decisions 


Table  3.4 

Estimated  C-5A  Costs 


C-5A 

Median 

Age 

Year 

Expend It 

(Millions  of 
FY04$) 

Availability  rt 

(%) 

Incremental 
Cost  (Millions 
of  FY04$) 

Annualized 
Cost  (Millions 
of  FY04$) 

40 

2011 

16.5 

42.2 

39.1 

43.0 

41 

2012 

16.9 

41.7 

40.6 

42.9 

42 

2013 

17.4 

41.2 

42.1 

42.8 

43 

2014 

17.9 

40.8 

43.8 

42.7 

44 

2015 

93.4 

20.2 

462.9 

45.9 

45 

2016 

18.4 

59.8 

30.7 

45.6 

46 

2017 

18.9 

59.2 

32.0 

45.3 

47 

2018 

19.5 

58.5 

33.4 

45.0 

48 

2019 

20.2 

57.9 

34.8 

44.8 

49 

2020 

20.8 

57.3 

36.4 

44.7 

50 

2021 

21.6 

56.6 

38.1 

44.5 

51 

2022 

22.3 

56.0 

39.9 

44.4 

52 

2023 

23.2 

55.4 

41.8 

44.3 

53 

2024 

24.1 

54.8 

43.9 

44.3 

54 

2025 

25.0 

54.2 

46.2 

44.3 

55 

2026 

26.1 

53.6 

48.6 

44.4 

worthwhile  (and  the  optimal  retirement  age  is  54,  corresponding  to 
2025)  if  the  median  C-5A  receives  the  RERP  in  2010  or  earlier.  (In 
Figures  3.7-3.10,  we  have  placed  the  vertical  axis  at  the  parameter 
level  we  assumed  in  the  base  case.)  In  our  baseline  case,  the  RERP  is 
scheduled  for  2015  when  the  median  C-5A  is  44  years  old,  so  any 
computed  optimal  retirement  year  greater  than  44  suggests  that  the 
RERP  should  be  undertaken. 
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Figure  3.7 

C-5A  Optimal  Replacement  as  a  Function  of  When  the  Median  C-5A  Gets  the 
RERP 


Year  of  median  C-5A  RERP 
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Intriguingly,  Figure  3.7’s  result  echoes  an  observation  by  Gen¬ 
eral  John  W.  Handy,  commander  of  U.S.  Transportation  Command 
and  Air  Mobility  Command.  Tirpak  (2004)  notes  “By  2012,”  Handy 
said,  “it  may  be  that  the  whole  notion  [of  performing  the  RERP  on 
the  C-5As]  is  overcome  by  events.  The  A  models  might  be  too  far 
gone  to  be  worth  the  investment.”  An  option  we  have  not  explored 
but  suggested  by  this  calculation  would  be  to  perform  the  RERP  on 
the  C-5A  fleet  before  it  is  done  on  the  C-5B  fleet. 

Another  key  parameter  is  the  number  of  C-17s  it  would  require 
to  replace  the  existing  fleet  of  60  C-5As.  In  Figure  3.6,  we  assume  C- 
17s  could  replace  C-5As  one-for-one.  However,  as  shown  in  Figure 
3.8,  if  it  takes  70  or  more  C-17s  to  acceptably  replace  the  60  C-5As, 
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Figure  3.8 

C-5A  Optimal  Replacement  as  a  Function  of  the  Number  of  C-17s  Required 


our  model  indicates  that  the  RERP  should  be  undertaken  in  2015 
and  the  C-5A  fleet  should  not  be  retired  until  a  later  date. 

In  the  base  case,  we  assumed  the  C-5A  RERP  increases  the  C- 
5A’s  composite  availability  by  50  percent,  i.e.,  from  the  low  40  per¬ 
cent  range  to  around  60  percent.  Tirpak  (2004)  notes  that  modified 
C-5As  will  have  a  mission-capable  goal  of  75  percent;  Lockheed  Mar¬ 
tin  goes  so  far  as  to  project  a  modified  C-5A  departure  reliability  rate 
of  nearly  95  percent. 

If  the  C-5As’  operating  command  possession  rate  were  85  per¬ 
cent,  a  75  percent  mission-capable  rate  would  result  in  a  64  percent 
composite  availability  rate,  while  a  95  percent  mission-capable  rate 
would  result  in  an  81  percent  composite  availability  rate.  An  81  per¬ 
cent  composite  availability  rate  would  nearly  double  the  composite 
availability  rates  we  project  for  the  early  part  of  the  2010  decade  (in 
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Figure  3.9 

C-5A  Optimal  Replacement  as  a  Function  of  the  Composite  Availability  Gain 
After  the  Age  44  Mod 
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the  low  40  percent  range).  As  shown  in  Figure  3.9,  our  model  indi¬ 
cates  that  a  composite  availability  gain  on  that  scale  would  make  a 
2015  RERP  worthwhile,  holding  our  other  parameters  fixed. 

Another  parameter  of  interest  is  the  growth  rate  in  aircraft  over¬ 
haul  costs,  a  topic  initially  presented  in  Figure  3.4.  In  Figure  3.10,  we 
show  that  our  model  indicates  the  2015  RERP  is  worthwhile  if  the 
aircraft  overhaul  cost  growth  rate  decreases  to  4  percent  or  less,  rather 
than  to  our  baseline  9.6  percent  assumption. 
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Figure  3.10 

C-5A  Optimal  Replacement  as  a  Function  of  the  Aircraft  Overhaul  Cost 
Growth  Rate  Past  Age  31 


C-5A  aircraft  overhaul  cost  growth  rate  past  age  31  (percentage) 
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Discussion 

In  this  chapter,  we  first  illustrated  our  methodology  for  how  the  de¬ 
sirability  of  a  mod  program  can  be  assessed.  We  then  used  our  meth¬ 
odology  to  identify  several  key  issues  in  C-5A  decisionmaking. 

One  key  issue  is  the  timing  of  the  proposed  C-5A  RERP.  In  ac¬ 
cord  with  statements  by  Air  Force  leadership,  our  model  indicates 
that  the  C-5A  RERP  is  more  desirable  if  it  comes  sooner,  other  things 
equal. 
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On  the  other  hand,  an  important  unknown  is  how  much  of  an 
increase  in  composite  availability  will  emanate  from  the  RERP.  Tir- 
pak  (2004)  notes  that  the  Air  Force  is  testing  out  the  RERP  on  two 
C-5Bs  and  a  C-5A  to  determine  if  the  improvements  will  provide  the 
anticipated  boost  in  performance  and  reliability.  Thus,  it  appears  that 
the  Air  Force  faces  a  tradeoff  between  the  value  of  better  information 
about  the  RERP  and  the  cost  of  delaying  implementation  of  the  pro¬ 
gram. 

Another  issue  is  what  system  would  replace  the  C-5A  and  in 
what  proportion.  If  the  C-17  is  the  C-5A’s  replacement,  our  model 
suggests  that  the  RERP  is  not  optimal,  given  other  parameters,  if 
fewer  than  70  C-17s  can  replace  the  60  C-5As.  As  noted  byGebman, 
Batchelder,  and  Poehlman  (1994),  there  are  widely  varying  views  as 
to  the  appropriate  C-17/C-5A  replacement  ratio.  Another  possibility 
is  that  a  different  “C-5X”  aircraft  would  be  better — perhaps  more  ca¬ 
pable  and/or  cheaper — than  C-17s.  A  better  replacement  aircraft 
would  tend  to  encourage  replacement  of,  and  discourage  doing  the 
RERP  on,  the  C-5A. 

Our  results  should  be  viewed  as  illustrative  and  suggestive, 
rather  than  definitive,  in  light  of  our  many  assumptions  and  the 
shortcomings  of  the  C-5A  cost  factors. 


CHAPTER  FOUR 

Consideration  of  C-5A  Depot-Level  Capacity 


In  our  original  analysis,  highlighted  in  Chapter  Two,  we  presented  a 
methodology  to  assess  the  optimal  time  at  which  to  retire  an  aging 
system.  Chapter  Three  illustrated  how,  in  an  extension  of  our  meth¬ 
odology,  the  choice  between  retiring  and  modifying  an  aging  system 
might  be  assessed. 

In  this  chapter,  we  illustrate  how  our  methodology  might  be 
further  extended  to  broader  resource-allocation  decisions.  For  exam¬ 
ple,  an  alternative  to  retiring  an  aging  system  is  to  invest  more  re¬ 
sources  in  its  maintenance.  For  the  sake  of  parsimony,  we  will  speak 
of  investments  in  “depot-level  capacity.”  Depot-level  capacity,  how¬ 
ever,  is  meant  as  a  general  rubric  for  any  steps  that  could  be  taken  to 
get  aircraft  out  of  maintenance  more  quickly  and  available  to  opera¬ 
tors  more  often.  Examples  of  investment  in  depot-level  capacity  may 
include  (but  are  not  limited  to): 

•  Building  additional  maintenance  facilities  at  Air  Force-owned 
and/or  private  sector  depots. 

•  Purchasing  additional  repair  equipment  for  use  at  installations 
and/or  depots. 

•  Fiiring  more  and/or  better  labor  to  maintain  aircraft. 

•  Paying  overtime  to  workers  to  get  aircraft  out  of  maintenance 
faster. 

•  Buying  additional  spare  parts  to  reduce  delays  from  waiting  for 
parts. 
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We  will  not  attempt  here  to  assess  the  optimal  form  of  invest¬ 
ment  in  additional  depot-level  capacity  (for  example,  on  the  margin, 
is  it  better  to  have  more  spare  parts  or  more  repair  equipment?).  We 
will  also  avoid  issues  related  to  the  tradeoffs  between  private-sector 
maintenance  and  maintenance  at  government-owned  facilities. 

Our  aspirations  in  this  chapter  are  more  modest.  We  start  with  a 
thought  experiment:  In  Chapter  Three,  we  estimated  that  the  appro¬ 
priately  annualized  cost  of  an  available  year  of  a  C- 17  would  be  about 
$46  million.  We  further  assumed  that  the  Air  Force  would  someday 
be  willing  to  pay  this  price.  Hence,  by  assumption,  an  available  C-17 
year  must  be  worth  at  least  $46  million  to  the  Air  Force. 

We  further  assumed,  in  our  baseline  case,  that  the  Air  Force 
trades  off  C-5As  and  C-17s  one-to-one.  We  also  assume  here  that  the 
Air  Force’s  preferences  are  linear,  that  is,  not  subject  to  diminishing 
marginal  utility.  A  10  percentage  point  increase  in  composite  avail¬ 
ability  is  worth  the  same  whether  starting  from  a  base  of  40  percent 
or  80  percent. 

Stringing  together  our  assumptions,  we  infer  that  an  available  C- 
5A  year  is  also  worth  at  least  $46  million  to  the  Air  Force. 

This  inference,  which  we  readily  admit  is  subject  to  considerable 
controversy,  is  interesting  as  it  pertains  to  depot-level  capacity  choice. 
Specifically,  given  a  belief  (or  inferred  preference)  about  how  much 
an  available  aircraft  year  is  worth  to  the  Air  Force,  we  can  calibrate 
the  desirability  of  increases  in  depot-level  capacity  that  put  aircraft  in 
operators’  hands  faster.  If  depot-level  capacity  increased,  aircraft 
could  spend  less  time  in  depot-level  maintenance  and  repair  (e.g., 
shorter  or  fewer  queues  in  the  depot  process),  so  composite  availabil¬ 
ity  could  be  increased. 

We  spoke  with  personnel  who  provide  depot-level  maintenance 
of  aircraft.  We  learned  that  sizable  chunks  of  time  in  the  depot  proc¬ 
ess  are  spent  in  queues.  For  example,  an  aircraft  might  have  to  wait 
for  a  test  stand  to  free  up  from  an  aircraft  ahead  of  it.  Or  an  aircraft 
might  be  found  to  have  a  broken  part  that  must  be  ordered  through 
the  supply  system.  Perhaps  key  laborers  are  working  on  a  different 
aircraft,  so  delay  ensues.  We  therefore  developed  a  depot-level  queu¬ 
ing  model  in  which  changes  in  depot-level  capacity  can  be  used  to 
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change  the  magnitude  of  queuing.  With  more  capacity,  queues  are 
shorter  (or  vanish)  and  aircraft  move  through  the  process  faster  and 
return  to  operating  commands  sooner. 

Because  depot-level  capacity  is  costly,  it  would  presumably  be 
prohibitively  expensive  to  have  no  depot-level  queuing.  However, 
given  the  inferred  value  of  aircraft,  are  current  levels  of  depot-level 
queuing  optimal? 

We  model  the  PDM  process  as  a  multinode  or  multistep  closed 
network.  Building  upon  Zahorjan  et  al.  (1982),  let  us  define: 

•  Rf,  =  mean  residence  time  in  days  at  node  k,  including  repair 
and  queuing  time;  R ^  is  a  function  of  N,  the  total  number  of 
aircraft. 

•  L/,  =  hands-on  repair  time  in  days  at  node  k. 

•  =  mean  queue  length  at  node  k. 

•  =  number  of  servers  at  node  k.  There  can  be  more  than  one 
server  at  a  given  node.  The  number  of  servers  is  our  measure  of 
depot-level  capacity. 

•  K  =  total  number  of  nodes  in  the  depot  process.  There  are  K 
steps  in  putting  a  given  aircraft  through  PDM. 


K 

•*b  =  X4 

k  —  \ 

=  minimum  hands-on  flow  time  in  days  to  complete  PDM, 
with  no  queuing. 

A  key  relation  used  in  the  Zahorjan  et  al.  (1982)  model  is  the 
mean  value  analysis  equation,  Rf,  =  (1  +  ,  to  estimate  the  resi¬ 

dence  time  Rfc  at  node  k.  The  expression  indicates  that  the  residence 
time  is  the  sum  of  the  service  and  queueing  times  of  the  Akh  cus¬ 
tomer,  the  latter  given  by  the  average  queue  length  (with  N  -  1  cus¬ 
tomers  in  the  network)  times  the  service  time.  The  Zahorjan  et  al. 
analysis  assumes  that  there  is  only  one  server  at  node  k. 
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For  the  more  general  case  with  servers  at  node  k ,  the  time  the 
TVth  customer  waits  in  queue  is  more  complicated.  There  are  three 
cases:  (1)  if  there  are  n<c customers  at  node  k,  the  arriving  cus¬ 
tomer  has  no  wait;  (2)  if  there  are  n  =  customers  at  node  k,  the 
customer  must  wait  in  queue  for  one  customer  to  be  served  at  rate 
;  and  (3)  if  there  are  n  >  customers  at  node  k  when  the  TVth 
customer  arrives,  the  newly  arrived  customer  must  wait  in  queue  until 
n  —  Cf,  +  1  customers  are  serviced  at  rate  /  Lj,  .  This  gives 

_  ck~  2  ^ 

Rk=[\  +  nk+  X  (ck-\-n)pkin\N  -\)\— , 

n= 0  Ck 

where  p^[n\N  —  \)  is  the  marginal  probability  that  n  customers  are 
at  node  k  when  there  are  N  —  1  customers  in  the  network.  See  Gross 
and  Harris  (1998).  This  probability  can  be  calculated  recursively,  but 
that  defeats  the  simplicity  of  the  Zahorjan  et  al.  (1982)  model. 

There  exist  bounds  on  Rj, .  Using  the  constraint  that  pf,  <  1,V» 
and  that 

G-2 

X  p^n\N 

n= 0 

it  follows  that 

G-2 

X  (ck-l-n)pk(n\N-l)<ck-l 

n= 0 

which  gives  the  bound 

Rk  <  [1  +  nk  +  (cf,  - 1)]— , 
ck 

which  can  be  reexpressed  as 
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Rk<Lk  + 


nkLk 

Ck 


Lf,  is  the  actual  hands-on  repair  time;  (n^L^)  /  c ^  is  mean  time 
spent  in  a  queue  before  repair  commences.  Hence, 

K  K  —j 

X^O  +  X^T 

k=\  k=\  k 

The  actual  time  in  the  depot  system  is  composed  of  hands-on 
repair  time  plus  time  spent  in  queue. 

There  are  a  number  of  assumptions  lying  behind  Zahorjan  et 
al.’s  and  our  use  of  this  inequality: 

•  Zahorjan  et  al.  used  Little’s  Formulas  for  queuing.  Little’s  For¬ 
mulas  do  not  rely  on  distributional  assumptions  about  workload 
arrival  or  service  times.  However,  Little  (1961)  requires  strict 
stationarity1  and  a  metrically  transitive  (ergodic)  arrival  process. 
Gross  and  Harris  (1998)  present  an  overview  of  Little’s  Formu¬ 
las. 

•  Zahorjan  et  al.’s  approach  assumes  the  network  is  separable,  i.e., 
work  from  multiple  steps  cannot  occur  simultaneously.2  Also, 
one  cannot  divert  an  aircraft  queued  at  one  node  to  another 
node  that  happens  not  to  have  a  queue.  Each  node  in  the  net¬ 
work  behaves  as  if  it  was  a  single  queuing  system.  See  Bolch  et 
al.  (1998)  for  a  discussion  of  separability. 

•  We  assume  the  network  is  balanced,  i.e.,  the  relative  utilization 
of  all  nodes  is  the  same.  Bolch  et  al.  (1998)  also  discuss  network 


1  Box,  Jenkins,  and  Reinsel  (1994),  p.  24,  note  “for  a  discrete  process  to  be  strictly  station¬ 
ary,  the  joint  distribution  of  any  set  of  observations  must  be  unaffected  by  shifting  all  the 
times  of  observation  forward  or  backward  by  any  integer  amount  k.” 

2  Dietz  and  Jenkins’  (1997)  analysis  allows  for  multiple  types  of  repair  to  be  performed  con¬ 
currently  by  viewing  the  aircraft  as  generating  temporary  clones  that  are  rejoined  into  a  single 
entity  when  all  repairs  are  complete.  We  do  not  use  their  approach  in  our  analysis. 
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balance.  Any  addition  of  capacity  will  be  accomplished  in  such  a 
way  as  to  maintain  a  balance  in  the  workloads.  A  balanced  net¬ 
work  is  the  most  efficient  type  of  network  in  terms  of  through¬ 
put  and  resource  utilization. 

The  Air  Force  is  interested  in  the  fraction  of  its  fleet  that  is  pos¬ 
sessed  by  operating  commands — not  tied  up  in  depot-level  repair. 
Suppose  an  aircraft  is  on  a  five-year  PDM  cycle:  The  aircraft  spends 

K 

k~\ 

days  in  PDM  then  five  years  operating.3  On  average,  then,  the  com¬ 
mand  possession  rate  would  be 


CP 


5*365.25 


K 


5*365.25  + X4 

k—\ 


Re-arranging  terms,  we  find 

K  i 

X  **  =  1826.25  *(—■ -1). 

k=\  ^ 

Then  if  we  plug  into  the  inequality  above,  we  find 

1826.25 


CP> 


K 


1826.25  +  R0  +  X 


nkLk 


k=\  ck 


3  With  a  five-year  PDM  cycle,  an  aircraft  always  spends  five  years  out  of  the  depot  system, 
no  matter  how  long  the  preceding  stay  in  the  depot  system  took.  Five  years  is  measured  from 
time  of  discharge  from  the  depot  system  to  time  of  next  induction  into  the  depot  system. 
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The  number  1826.25  represents  five  years  of  operating  com¬ 
mand  possession  days  between  PDM  visits,  Rq  is  hands-on  mainte¬ 
nance  time  during  PDM  and  repair,  and 


^  nkLk 
k=\  ck 


is  time  spent  in  queues  during  PDM. 

As  an  example,  let  us  again  consider  the  C-5A,  an  aircraft  on  a 
five-year  PDM  cycle.  Suppose  the  C-5A’s  Rq  =108  days.  (We  will 
view  Rq  as  exogenous  in  this  exploration.  It  also  includes  time  spent 
in  non-PDM  depot-level  repair.)  In  FY02,  the  observed  C-5A  com¬ 
mand  possession  rate  was  about  0.829.  Our  inequality  is  then 


1826.25 


K 


1826.25  +  108+  Y, 


-= —  <  0.829  , 
nkLk 


k=\  ck 


which  implies 


y2+>268. 

k=l  Ck 


Next,  consider  the  effect  of  increasing  capacity,  e.g.,  purchasing 
more  repair  equipment,  spare  parts,  or  hiring  more  workers.  Obvi¬ 
ously,  the  effect  on  queuing  time, 


^  nkLk 
k=\  ck 


and  hence  on  the  command  possession  rate,  CP,  will  depend  on 
which  specific  node  k’s  receive  the  extra  capacity. 


34  Aging  Aircraft  Repair-Replacement  Decisions 


As  a  simple  illustrative  case,  let  K  =  2.  Let  the  numerator  of 
queuing  time  at  node  one  n-yLy  =  ay  and  the  numerator  of  queuing 
time  at  node  two  =  a2  •  Without  loss  of  generality,  assume 

^2  >  &\  •  Suppose  total  capacity  available  Cy  +  c2  =  Y  .  How  should 
the  total  server  capacity  be  optimally  distributed  across  the  two  nodes 
so  as  to  minimize  the  sum  of  mean  queuing  time? 

Let  X  denote  the  amount  of  capacity  devoted  to  node  1  and 
Y  —  A  the  amount  of  capacity  on  node  2.  Then  the  sum  of  mean 
queuing  time  we  wish  to  minimize  would  be 

a\  |  a2 
X  Y-X  ' 

We  differentiate  this  term  with  respect  to  X  and  then  set  the  deriva¬ 
tive  equal  to  zero,  resulting  in  the  equation 


d-^  d^ 

X2  ( Y-X )2 ’ 


Solving  for  X,  we  find  the  relevant  root 


X  =  Y  *  (- 


i  d^ 


-)  and  Y  -  X  =  Y  *  ( 


d ^  d\ 


d 'j  \  did 


ci\ 


With  these  values  of  X  and  Y—  X,  the  sum  of  mean  queuing 
time  would  be 


1  ^  (a2  aV>2  ^ 

T  d-y  -(-  2yj dyU^ 

(In  the  degenerate  case  of  a  =  dy  =  >  X  =  Y  —  X  =  Y  /  2  and 

the  sum  of  mean  queuing  time  would  be  Ad  I  Y  .) 

The  important  point  in  this  exercise  is  to  observe  that  the  sum 
of  mean  queuing  time  is  a  function  of  the  two  nodes’  numerators  of 
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queuing  times,  rq  and  rz2 ,  that  we  will  label  M(M  =  f  {a^a^) ),  di¬ 
vided  by  Y,  the  total  capacity  at  the  two  nodes: 


k=\  ck 


M_ 

Y 


4 


To  illustrate  this  phenomenon,  suppose 

V  V±  =  268. 

k=\  ck 


Suppose,  too,  that  current  total  C-5A  capacity  is  12.  Then  M, 
the  numerator  in  the  sum  of  mean  queuing  time  formula  M  /  Y , 
equals  3214.  Then  our  command  possession  inequality  would  be 


CP  > 


1826.25 


1826.25  +  108  + 


3214 

Y 


If  capacity  then  doubled  to  Y  =  24,  our  new  command  posses¬ 
sion  lower  bound  would  be  0.883,  up  from  0.829  with  half  as  much 
depot-level  capacity.  Figure  4.1  plots  the  lower  bound  on  the  com¬ 
mand  possession  rate  as  a  function  of  C-5A  depot-level  capacity. 


4  This  formula  also  holds  for  cases  of  K  >  2.  For  instance,  if  K  =  3  and  =  a j  , 

nlC  —  a2  >  an<i  ”3^3  =  a3  ’  r^en 


^  nk^k  _ 

k=\  ck 


where  M  =  f{ct\ >  ^2  >  ^3 )  • 
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Figure  4.1 

Lower  Bound  on  C-5A  Operating  Command  Possession  Rate  as  a  Function  of 
Depot-Level  Capacity 


Asymptotically,  with  unlimited  capacity,  there  is  no  queuing  and  the 
command  possession  rate  lower  bound  is 

1826.25 
1826.25  +  Rq  ' 

With  i?Q=108,  the  infinite  depot-level  capacity  operating 
command  possession  rate  would  be  about  0.944. 


Growing  Hands-On  Time  During  PDM  and  Repair 

In  Figure  3.4,  we  presented  evidence  of  considerable  historical  in¬ 
creases  in  C-5A  PDM  hours  per  aircraft.  Based  on  that  figure,  we  as¬ 
sumed  aircraft  overhaul  costs  would  continue  to  rise  at  9.6  percent 
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per  year  into  the  future.  It  is  reasonable  to  think  the  C-5A’s  Rq  ,  the 
minimum  possible  flow  time,  will  also  grow  as  these  aircraft  age, 
though  perhaps  not  at  this  specific  rate. 

If  Rq  grows,  the  operating  command  possession  rate  will  fall, 
holding  capacity  constant.  In  Figure  4.2,  we  plot  the  lower  bound  on 
the  C-5A  command  possession  rate  for  different  levels  of  Rq  ,  holding 
capacity  at  12. 

As  the  minimum  hands-on  maintenance  and  repair  time  Rq 
grows,  our  model  implies  that  the  level  of  capacity  required  to  main¬ 
tain  a  specific  rate  of  operating  command  possession  increases.  In 
Figure  4.3,  we  show  the  required  level  of  C-5A  depot-level  capacity  to 
maintain  an  80  percent  command  possession  rate  for  different  levels 
of  Rq  .  The  required  level  of  capacity  grows  nonlinearly  in  Rq  . 

Figure  4.2 

Lower  Bound  on  C-5A  Operating  Command  Possession  Rate  as  a 
Function  of  Rq 


RAND  MG241-4.2 


C-5A  Rq 
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Figure  4.3 

Required  Level  of  C-5A  Capacity  as  a  Function  of  Minimum 
Hands-On  Time,  ^ 


RAND  MG241  4.3 


Figure  4.3’s  nonlinearity  illustrates  that  it  would  be  very  worri¬ 
some  and  expensive  if  Rq  grows  considerably. 

Consideration  of  Rq  and  depot-level  capacity  changes  our  re¬ 
pair-replace  analysis  framework.  Specifically,  one  no  longer  uses  a  his¬ 
torical  trend  for  the  composite  availability  rate.  Instead,  while  one 
continues  to  use  an  MC  rate  trend,  the  possession  rate  is  a  function  of 
Rq  and  capacity. 


Consideration  of  C-5A  Depot-Level  Capacity  39 


For  illustrative  purposes,  we  assume  Rq  grows  at  2  percent  per 
year.  We  also  assume  the  total  number  of  C-5As  drops  to  60  in  FY07, 
as  currently  planned  by  the  Air  Force.  (The  effect  of  the  decline  in 
the  number  of  C-5As  is  to  increase  the  amount  of  depot-level  capac¬ 
ity  that  exists,  relative  to  the  fleet  size.)  With  these  assumptions,  our 
model  indicates  an  optimal  retirement  age  of  43,  just  in  front  of  the 
RERP,  the  same  as  indicated  in  Figure  3.6.  (While  the  answers  coin¬ 
cided  in  this  case,  one  will  not  always  have  the  same  estimated  re¬ 
tirement  age  when  depot-level  capacity  is  considered.  Our  assump¬ 
tions  about  Rq  growth,  for  instance,  can  lead  to  different  projections 
of  future  composite  availability  than  the  age-driven  extrapolation  we 
used  in  Chapter  Three.) 


Investing  in  More  Depot-Level  Capacity 

Extending  this  illustration,  we  explore  the  desirability  of  investment 
in  additional  C-5A  depot-level  capacity.  We  arbitrarily  assume  each 
unit  of  extra  capacity  would  have  a  one-time  cost  of  $25  million  and 
an  annual  incremental  cost  of  $2  million  for  every  year  until  the  C- 
5 A  is  retired.5 

We  assume  a  one-time  choice  of  whether  or  not  to  purchase  ad¬ 
ditional  C-5A  depot-level  capacity  in  2005.6  Again,  we  assume  Rq 
grows  at  2  percent  per  year.  The  decision,  then,  is  whether  to  invest 
in  more  capacity  and,  if  so,  how  much  more. 

We  also  assume  we  could  use  FY02  parameters  (e.g.,  the  82.9 
percent  operating  command  possession  rate)  to  characterize  the  C-5A 


5  This  one-time  plus  annual  incremental  cost  function  is  similar  to  the  approach  of  Cakany- 
ildirim,  Roundy,  and  Wood  (2004)  in  their  analysis  of  a  production  facility  deciding 
whether  to  buy  extra  machines. 

6  It  would  be  a  considerably  more  complex  exercise,  beyond  the  illustrative  aspirations  of 
this  chapter,  to  make  depot-capacity  choice  a  dynamic  decision  one  could  revisit  annually. 
We  have  also  not  considered  the  possibility  of  increased  depot  capacity  for  the  C- 1 7  or  other 
replacement  aircraft.  The  option  of  investment  in  increased  depot  capacity  for  the  replace¬ 
ment  aircraft  could  make  it  more  desirable  to  retire  the  incumbent  aircraft.  Here  we  assume 
the  increased  depot-level  capacity  affects  only  the  C-5A. 
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depot  system  (beyond  Rq  growth  and  potentially  changing  capacity) 
in  future  years. 

With  the  parameters  we  assume,  our  model  finds  that  it  would 
be  desirable  to  undertake  investment  in  additional  depot-level  capac¬ 
ity,  as  shown  in  Figure  4.4.  Figure  4.4’s  vertical  axis  is  the  annualized 
cost  per  available  year  ( A C )  of  the  C-5A  and  its  eventual  re¬ 
placement  C-17s,  including  whatever  costs  are  borne  to  invest  in  ad¬ 
ditional  C-5A  depot-level  capacity. 

Figure  4.4 

Annualized  Cost  Per  Available  Year  with  Investment  in  Extra  C-5A  Depot- 
Level  Capacity 
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With  the  assumptions  described  above,  it  is  optimal  to  invest  in 
five  extra  units  of  C-5A  depot-level  capacity  (indeed,  buying  up  to  12 
extra  units  is  found  to  be  better  than  none).  Five  extra  units  represent 
more  than  a  40  percent  increase  in  C-5A  depot-level  capacity.  Yet, 
the  model  indicates  that  the  optimal  C-5A  retirement  age  does  not 
change.  It  remains  optimal  to  retire  the  C-5A  in  front  of  the  RERP  in 
2015,  holding  fixed  our  other  parameters. 

While  the  optimal  retirement  age  does  not,  with  these  parame¬ 
ters,  change,  investing  in  the  optimal  five  extra  units  of  C-5A  depot- 
level  capacity  increases  the  aircraft’s  operating  command  possession 
rate.  See  Figure  4.5.  In  both  cases,  the  C-5A’s  estimated  possession 

Figure  4.5 

C-5A  Possession  Rate  With  and  Without  Extra  Depot-Level  Capacity 
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rate  increases  from  ages  34  to  36  (2005-2007),  reflecting  the  retire¬ 
ment  of  12  of  the  aircraft.  From  age  36  (2007)  forward,  the  new 
steady-state  of  60  C-5As  is  achieved  and  the  composite  availability 
rate  drifts  downward,  reflecting  assumed  growth  in  R0  and  further 
decline  in  the  mission-capable  rate. 

It  is  interesting  that,  with  our  parameters,  extra  depot-level  ca¬ 
pacity,  while  desirable,  does  not  increase  the  optimal  C-5A  retirement 
age. 

We  think  our  findings  are  explained  by  the  inferred  preference 
exercise  upon  which  this  analysis  is  built:  We  assume  the  Air  Force 
will  eventually  replace  the  C-5A  with  the  C-17,  a  nontrivially  expen¬ 
sive  aircraft.  Hence,  we  infer  that  the  Air  Force  puts  a  high  valuation 
on  an  available  C-17,  and  hence  C-5A,  year.  Given  this  inferred  pref¬ 
erence,  the  model  is  then  averse  to  having  large-scale  queuing  and 
delay  in  the  C-5A  depot  maintenance  system.  Extra  C-5A  depot-level 
capacity  is  recommended,  even  when  it  does  not  lengthen  the  air¬ 
craft’s  life.  Given  the  inferred  value  of  these  aircraft,  it  is  not  reason¬ 
able  to  have  them  wait  in  many  or  long  depot-level  queues. 

As  noted  in  Chapter  Three,  another  possibility  is  a  “C-5X”  that 
could  be  cheaper  and/or  better  than  the  C-17.  If  the  alternative  to  the 
C-5A  is  more  desirable,  the  inferred  value  of  additional  C-5A  depot- 
level  capacity  will  drop.  This  chapter’s  calculation  relies  heavily  on 
the  value  inference  implicit  in  the  belief  that  the  Air  Force  is  willing 
to  pay  for  C-17s  to  replace  C-5As. 

Of  course,  the  results  in  this  chapter  are  highly  speculative.  The 
other  side  of  the  calculation,  which  we  have  simply  parameterized 
here,  is  how  much  it  would  cost  to  increase  depot-level  capacity  and 
reduce  queuing  in  the  system.  Another  study  could  assess  the  most 
cost-effective  ways  to  increase  depot-level  capacity.  Our  exploration, 
however,  is  suggestive  that  such  an  increase  could  be  desirable,  based 
on  the  inference  that  available  cargo  aircraft  years  are  quite  valuable 
to  the  Air  Force. 


CHAPTER  FIVE 

Conclusions 


This  study  has  expanded  on  the  repair-replace  methodology  we  set 
forth  in  Keating  and  Dixon  (2003).  In  that  report  and  in  Chapter 
Two,  we  presented  a  methodology  for  determining  when  it  is  optimal 
to  replace  an  aging  system  with  a  new  aircraft. 

In  Chapter  Three  of  this  paper,  we  studied  a  related  problem: 
Should  an  aging  system  receive  a  substantial  modification  or  should  it 
be  retired  prior  to  receiving  this  modification?  We  used  data  on  the 
C-5A  cargo  aircraft  to  illustrate  implementation  of  our  model.  Based 
on  our  data  and  assumptions,  we  found  that  the  large-scale  modifica¬ 
tion  proposed  for  the  C-5A  is  desirable  if  it  happens  soon,  but  it  be¬ 
comes  less  desirable  as  it  moves  further  into  the  future.  Other  key  pa¬ 
rameters  include  the  magnitude  of  C-5A  composite  availability 
improvement  after  the  mod  as  well  as  the  ratio  at  which  C-17s  (the 
assumed  replacement  aircraft)  can  replace  C-5As.  We  caution,  how¬ 
ever,  that  our  C-5A  cost  parameters  are  problematic,  so  results  should 
be  viewed  only  as  illustrative. 

In  Chapter  Four,  we  presented  a  new  methodology  to  assess  the 
desirability  of  additional  investment  in  depot-level  capacity  (where 
such  capacity  investment  could  take  the  form  of  additional  facilities, 
equipment,  labor,  and/or  spare  parts). 

Our  Chapter  Four  exercise  was  built  on  a  string  of  inferred  pref¬ 
erences:  Because  the  Air  Force  is  eventually  willing  to  pay  the  cost  of 
a  replacement  system,  the  cost  per  available  year  of  that  new  system 
can  be  argued  to  be  a  lower  bound  on  how  much  the  Air  Force  values 
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available  aircraft.  Given  this  inferred  valuation,  it  might  then  be  rea¬ 
sonable  to  invest  in  depot-level  capacity  for  an  existing  system  so  as  to 
reduce  the  time  that  the  system  spends  delayed  in  depot-level  main¬ 
tenance  and  repair  queues. 

Applying  this  methodology  to  the  C-5A  (with  many  assump¬ 
tions  about  key  parameters),  we  found  potential  benefit  in  increased 
C-5A  depot-level  capacity  without,  however,  extending  the  aircraft’s 
optimal  life.  We  caution  that  this  result  is  highly  speculative.  It  relies 
on  numerous  assumptions  such  as  linearity  in  the  Air  Force’s  utility 
function  for  available  aircraft.  It  may  also  be  driven  by  the  illustrative 
analysis  of  the  C-17  as  the  C-5A’s  prospective  replacement. 

This  exploratory  study  of  methodology  did  not  investigate  how 
best  to  increase  depot-level  capacity.  Instead,  it  simply  took  prelimi¬ 
nary  steps  toward  assessing  the  potential  desirability  of  depot-level 
capacity  increases.  It  appears  to  be  suboptimal  to  have  large-scale 
queuing,  and  hence  delay,  in  the  depot  system  for  an  aircraft  whose 
availability  the  Air  Force  values  highly. 
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